The structure of 10 Be was studied via resonant α-particle scattering of a neutron-rich 6 He beam. 21 A time projection chamber, PAT-TPC, was operated in an active-target mode to provide a gaseous 22 4 He target and trace the beam and reaction products traversing its active tracking volume. This 23 significantly lowered the detection threshold of reaction products at low energies. Elastic scattering, 24 inelastic scattering to the 6 He 2 + state, and the 6 He(α, 2n) 8 Be reaction were measured below an 25 energy of 6 MeV in the center-of-mass frame. Continuous spectra of excitation functions and 26 angular distributions were obtained from unambiguously-identified recoiling α particles for the 27 elastic and inelastic channels. While a resonance of the 4 + state at 10.15 MeV in 10 Be previously 28 reported was confirmed, no other resonances were identified in the elastic channel over the measured 29 energy region. The results are in line with antisymmetric molecular dynamics calculations that 30 predict the limits of α clustering in high-spin states due to a spin-orbit force. † Present address: Air Force Institute of Technology (AFIT), WPAFB, Ohio 45433, USA 33 Clustering of α particles is a unique aspect of nuclear correlations. It is known that α 34 clustering often occurs in light nuclei along the N = Z line as already suggested since 1930s 35 to explain their level schemes [1] [2][3]. Archetypal examples are the ground state of 8 Be and 36 the second 0 + state of 12 C (referred to as "Hoyle" state) [4, 5], manifesting well-developed 2α 37 and 3α clusters, respectively, and likewise further heavier systems such as 4α states in 16 O [6] 38 or 6α states in 24 Mg [7]. These cluster states, which exclusively consist of α particles, have 39 been providing a unique playground to discuss bosonic condensations [6, 8, 9] or geometries 40 of multiple quantum objects [3, 7] in femtometer-scale systems. 41 The structure of the nucleus, a quantum many-body system, can drastically change with 42 addition or removal of nucleons. How, if at all, do these nucleons affect α clustering in nuclei? 43 The structure of 11 B, the nucleus with one proton removed from 12 C, was recently studied 44 via the (d, d') reaction [10]. The large monopole strength extracted for the 3/2 − state at 45 8.56 MeV indicates a well-developed 2α + t cluster structure, suggesting that the clustering 46 nature of the Hoyle state in 12 C persists in the presence of a proton hole. Theoretical studies 47 48 the persistence of 2α clusters in the neutron-excess systems 10 Be [11][12][13][14][15][16][17][18][19][20][21][22][23][24] and 12 Be [25, 26]. 49 It is further suggested that the unique correlation of neutrons and 2α clusters diversifies the 50 evolution of structure. The formation of predicted structures, such as neutron-molecular 51 orbitals [15, 16, 25, 26] or a di-neutron pair around 2α cores [24], plays an important role 52 to stabilize 2α cores [16, 25, 26], break the axial symmetry [24], or possibly quench the shell 53 gap at the magic number 8 [25] [26][27][28]. However, there are limited experimental data to support 54 such interplay between α clusters and valence neutrons.
I. INTRODUCTION
on neutron-rich beryllium isotopes that trace the cluster evolution away from 8 Be also predict gaseous deuterium target. The pressure of the deuterium gas was 1200 mm-Hg on average.
with v drift being the electron drift velocity and t 1 the time at r = 0. Once θ lab was determined 228 from the fit, the Q vs. r plot, which represents the energy deposition profile in the radial 229 direction, was compared to calculated curves at a given TKE using the θ lab previously 230 obtained. The optimal TKE was determined to minimize χ 2 with respect to the experimental 231 data. Some of the particles escaped from the active volume of the PAT-TPC, particularly 232 the ones with large or small scattering angles where the energies are higher. To obtain the acceptance over a wide angular range, we also analyzed the events involving particle 234 escapes. While the range cannot be determined for these particles due to the missing position 235 information of the Bragg peak, the amplitude and slope of the energy deposit profile towards 236 the Bragg peak are still sensitive to the TKE, which allows TKE determination by the same 237 χ 2 minimization procedure. The quality of the TKE determination of escaping particles 238 will be discussed later when the reconstruction of the excitation energy spectrum of 6 He 239 is presented. When a given particle stops inside the active volume, 6 He and α particles 240 can be differentiated from the amplitude of the tail of Bragg peak as demonstrated in our 241 previous report [43] . In the present analysis, however, we differentiated 6 He and 4 He from 242 the reaction kinematics as detailed later. 243 Reconstruction of reaction kinematics by the missing mass method requires knowing 244 the energy of the beam particles. In the present measurement, the energy continuously 245 decreases as the beam particle travels along the beam axis. To determine the reaction 246 energy, the energy deposition before reaching the reaction position (z reac ) needs to be taken 247 into account. In this analysis, z reac was determined from the recorded drift times of ionization were summed when the beam charge spreads over multiple pads. The difference between 255 the two times t 0 − t 1 was then translated into z reac using the electron drift velocity. The 256 corresponding energy loss was calculated and subtracted from the initial beam energy to 257 define the energy at the moment of the reaction (E reac ).
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The in the figure was adopted to exclude these 4 He-beam events.
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[mm] (2) lab for the events at z reac < 50 mm.
277
The gate to select 6 He scattering is indicated. obtained by the missing-mass method using E reac as well as TKE and θ lab of the recoiling 280 α particles. An inherent issue in deducing excitation-energy spectra from 6 He + α-particle 281 scattering is that another α particle is produced in the final state when inelastically scattered 282 6 He decays via 2n emission. All excited states of 6 He are unbound above the 2n separation 283 energy at 0.972(1) MeV [48] . It is therefore necessary to correctly select the α particle 284 recoiling from the target. The information on kinematical properties of the reaction was 285 used to eliminate the ambiguity in identifying the recoiling particle. Figure 3 shows the 286 calculated plots of TKE per nucleon (TKE/u) vs. θ lab for elastic and inelastic scattering 287 to the 2 + state at a beam energy of 15 MeV. It is found that TKE/u, or the velocity of 288 6 He, is always smaller than that of the recoiling α particle at a given laboratory angle 289 except for the very forward region below 10 degrees in the center-of-mass frame, which is 290 outside the present detector acceptance. Therefore, the range of the α particle following 291 2n emission decay tends to be shorter than that of the recoiling α particle. According to 292 these characteristics, we adopted the following procedure. First, two excitation energies
x ) were obtained individually from two reaction products by assuming the particle i as 294 the recoiling α particle. The set of E (i)
x were then compared. If the 6 He particle, or the α 295 particle after 2n emission decay, is identified as the recoiling α particle, its shorter range 296 results in an underestimate of TKE and thus gives higher excitation energies than the true 297 value. Accordingly, we adopted the particle with a smaller E x as the recoiling α particle. 
x and E
(2)
x . The events to the left of the solid lines 300 were excluded from the analysis. The contents of the region inside the dashed lines are weighted 301 by a factor of 3 for presentation purposes. x which is 306 wrongly estimated from the scattered 6 He. The result is similar for the 2 + state, of which 307 the locus appears above 1.9 MeV only. However, the separation in the region close to the 308 E (1)
x line is not as clear as that of the ground state because of the velocity shift due to 309 particle emission and the contribution of breakup events. Therefore, above E x = 1 MeV, the 310 events with E
x <2.5 MeV were eliminated from the analysis to ensure a sufficient 311 difference in energy for properly selecting α particles.
312
The resulting excitation-energy spectrum of 6 He is shown in Fig. 5 denoted by the thick line accounts for the tail towards higher energies.
327
In the present analysis, TKE for an input to the missing-mass method was deduced 328 from the slope of the Bragg curve when recoiling α particles escape from the active region 329 and hence the Bragg peak is unavailable. Without the precise position information of the 330 Bragg peak, the analysis might result in inaccurate excitation energies. The gated spectrum 331 for one-particle escape events is shown in the shaded spectrum of Fig. 5(a) . The spectrum 332 clearly shows a two peak structure, confirming good reconstruction of the reaction kinematics.
333
To further confirm the results, the adopted excitation energies are compared to excitation 334 energies (E θ x ) that were obtained from the correlation of laboratory angles, θ
lab and θ to the angle-integrated spectrum of Fig. 5(a) . Y (i, j) was then translated into dσ/dΩ (i, j) 389 following the expression:
where the indices i and j denote that the associated parameter depends on z reac and θ c.m. , are shown for reference by the solid and dashed lines, respectively, in the inset of Fig. 8(h) . 443 The diffractive pattern of the experimental data is seen closer to that of L = 4 and clearly 444 deviated from that of L = 6 despite the larger angular bins and the lower statistics compared 445 to a previous measurement [32] . We therefore assign L = 4 for the resonance observed. Since 
with k being the wavenumber, E 0 c.m. the resonance energy, and Γ the total decay width. The real potential and a Woods-Saxon imaginary potential, giving a potential of the form:
where V C (r) is the usual Coulomb potential with radius R C = 1.25(A to the axis of the two α cores. Given the 2 + state at 3.37 MeV, the 4 + state of the 0 + g.s.
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band is anticipated at around 11 MeV as seen in the linear extrapolation shown in Fig. 11 .
563
In previous studies [24, 33] , the 4 + state at 11.76(2) MeV is considered the most likely 564 candidate for the 4 + member of the 0 + g.s. band because of its excitation energy and spin-parity.
565
In the present study, however, there was no resonance observed around E x = 11.8 MeV (Fig. 11) , the region anticipated from the proportionality to J(J + 1).
584
The second scenario is that the 4 + state does belong to the 0 + g.s. band, but with a reduced
